The partitioning of cellular components between the nucleus and cytoplasm is the defining feature of eukaryotic life. The nuclear pore complex (NPC) selectively gates the transport of macromolecules between these compartments, but it is unknown whether surveillance mechanisms exist to reinforce this function. By leveraging in situ cryo-electron tomography to image the native cellular environment of Chlamydomonas reinhardtii, we observed that nuclear 26S proteasomes crowd around NPCs. Through a combination of subtomogram averaging and nanometer-precision localization, we identified two classes of proteasomes tethered via their Rpn9 subunits to two specific NPC locations: binding sites on the NPC basket that reflect its eightfold symmetry and more abundant binding sites at the inner nuclear membrane that encircle the NPC. These basket-tethered and membrane-tethered proteasomes, which have similar substrate-processing state frequencies as proteasomes elsewhere in the cell, are ideally positioned to regulate transcription and perform quality control of both soluble and membrane proteins transiting the NPC.
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proteasome | nuclear pore complex | quality control | focused ion beam | cryo-electron tomography T he 26S proteasome degrades polyubiquitinated proteins, a critical function for numerous cellular processes, including proteostasis and transcriptional control (1, 2) . Proteasomes inhabit both the cytosol and nucleus and are enriched within the nuclei of many proliferating eukaryotic cells (3, 4) . However, the specific functions of cytoplasmic and nuclear proteasomes are just beginning to emerge. Measurements of the relative proteasome activity in these two compartments vary greatly (5) (6) (7) , with some models questioning whether nuclear proteasomes are proteolytically active or even fully assembled. These measurements are complicated by the use of indirect methods, which require the removal of proteasomes from cells to correlate proteasome function with the cellular compartment.
Nuclear proteasomes have been observed to localize to specific regions in different organisms and under changing physiological conditions (3, 8) . In mammalian cells, proteasomes are often dispersed throughout the nucleoplasm but can also concentrate in nuclear foci, including PML bodies (9) . In yeast, the protein Cut8/Sts1 tethers proteasomes to the nuclear envelope, likely by directly binding the inner nuclear membrane (INM) (10) (11) (12) . However, the nuclear pore complex (NPC) may also participate in recruiting proteasomes to the nuclear envelope. In Schizosaccharomyces pombe, the localization of Cut8 and proteasomes to the nuclear envelope requires a TPR nucleoporin that forms the filaments of the NPC's nuclear basket (13) . In Saccharomyces cerevisiae, immunoprecipitation experiments showed that the protein Esc1 can interact with both proteasomes and TPR nucleoporins (14) . These studies raise the intriguing possibility that proteasomes may bind to the NPC basket. However, TPR nucleoporins also occupy regions of the nuclear envelope that are devoid of NPCs (13, 14) , and it remains unknown whether proteasomes specifically localize to NPCs.
In situ cryo-electron tomography (cryo-ET) is ideally suited to investigate these questions of proteasome localization and activity, as it can assess the functional state and interaction partners of each proteasome by directly visualizing its macromolecular structure within the native cellular environment (15) . We combined focused ion beam (FIB) milling of vitrified frozen cells (16) (17) (18) with cryo-ET to perform an extensive molecular-resolution structural survey of cytoplasmic and nuclear proteasomes within Chlamydomonas reinhardtii. This unicellular green alga provides highly organized organelle architecture and superb cryo-EM imaging properties, likely due to reduced molecular crowding, which enables reliable macromolecule identification and structure determination (19) (20) (21) (22) .
Results
After pruning our dataset based on tomogram reconstruction quality, our survey consisted of 76 tomograms of the nuclear envelope and its environs. Visual inspection of our tomograms revealed numerous 26S proteasomes throughout the nucleus and cytoplasm (Fig. 1A) . Both side views ( Fig. 1 C and D) and top views (Fig. 1E ) of the proteasomes were readily identified, and fine structural features could be discerned by eye, such as the distinction between doublecapped ( Fig. 1C ) and single-capped (Fig. 1D) proteasomes. To comprehensively identify all of the proteasomes in our tomograms, we searched the cellular volumes with a down-filtered template of a 20S core particle attached to one 19S cap, which has been Significance This study compares the native structures of cytosolic and nuclear proteasomes, visualized directly within cells. The assembly states and functional states of proteasomes in each compartment were similar, indicating comparable levels of proteolytic activity per proteasome. Nuclear proteasomes were tethered to two different sites at the nuclear pore complex (NPC): the inner nuclear membrane and the NPC basket. Structural analysis revealed mechanistic details of the two tethering interactions. These results present direct evidence that proteasomes bind at NPCs, establishing a cellular hub for protein degradation at the gateway between the nucleus and cytoplasm. This work demonstrates how cryo-electron tomography can reveal biological mechanisms by directly observing the interactions between molecular complexes within the native cellular environment.
shown to equally match both single-capped and double-capped proteasomes in situ (23) . Subvolumes were extracted from the tomograms based on their cross-correlation scores, visually inspected to confirm the presence of a proteasome, and then subjected to subtomogram alignment and classification to produce a molecularresolution average from 3,322 particles (Fig. S1 ). Using the refined positions and orientations from the aligned average, the proteasomes were mapped back into the cellular volumes with nanometer precision (Fig. 1B) .
Positioning all of the proteasomes within the cellular environment led to a striking observation. While proteasomes were dispersed throughout the nucleus and cytoplasm, they also appeared to crowd at the INM in the vicinity of NPCs. To quantify this phenomenon throughout our dataset, we calculated the concentration of proteasomes within expanding shells extending from both sides of the nuclear envelope (Fig. 1F) . The average concentrations of dispersed proteasomes in the cytoplasm and nucleoplasm were nearly identical, at 157 nM and 156 nM, respectively. This concentration is similar to previous cytoplasmic measurements from rat neurons (23) and yeast (4) . However, directly adjacent to the INM, the local proteasome concentration dramatically increased. This massive accumulation was subdivided into two sharp peaks, one peak 58 nm from the membrane with a maximum concentration of 2.26 μM and a second peak 19 nm from the membrane with a maximum concentration of 8.11 μM. The accumulation of proteasomes at the INM is not limited to algae, as it has previously been observed in yeast and Drosophila S2 cells (10, 24, 25) . Our observation in Chlamydomonas expands the documented prevalence of this phenomenon to another kingdom of eukaryotic life.
To investigate whether there is a structural basis for proteasome localization at the INM, we subjected the initial proteasome subtomogram average to several rounds of classification, sorting the subvolumes into structurally homogeneous classes (Fig. S2) . The whole population was first separated into single-capped and double-capped assembly states ( Fig. 2A and Fig. S3 ). These refined averages were then cut in half along the medial axis of the 20S core particle and pooled together to allow classification of each individual 19S cap (5,498 total particles). During its functional cycle, the 19S particle is known to undergo large-scale conformational changes that can be observed both in isolated proteasomes (26, 27) and in situ (23) . Classification of our dataset yielded well-resolved structures for the S1 ground state, which is not engaged with substrate, and the S3 substrate-processing state (Fig. 2B) . Interestingly, in addition to 19S functional states, classification also revealed distinct 19S binding states. The population was subdivided into "free" unbound caps, "basket-tethered" caps that were attached to an extra density (named for their association with the NPC nuclear basket, see below), and "membrane-tethered" caps that were bound to a membrane-like density via a thin connection (Fig. 2C) .
To more clearly resolve the structures in the basket-tethered and membrane-tethered classes, we used a local mask to focus the subtomogram alignment on the site where the extra densities bind the proteasome (Fig. 2 E and F) . Following refinement, the extra density in the basket-tethered class grew from a small globular density into an extended bifurcated structure (Fig. S4A) , while the membrane-tethered density transformed into three smaller densities protruding from a smooth membrane surface, only one of which was attached to the proteasome (Fig. S4B) . Based on its size, we roughly estimate the mass of the density that tethers proteasomes to the membrane to be 20-50 kDa. Rigid-body fitting of a high-resolution yeast S1 proteasome structure (26) into the refined averages revealed that the extra densities in both classes likely bind the proteasome at Rpn9. Rpn9 is a nonessential subunit of the proteasome that facilitates the incorporation of its neighbor, Rpn10, into 19S particles and promotes proteasome stability (28) . However, unlike Rpn10, which has multiple protein interaction domains and binds polyubiquitin chains (29, 30) , no well-characterized extraproteasomal interaction partners have been found for Rpn9. While it is possible that these two subunits cooperate in binding the extra densities, the tethering interaction does not appear to compete with the binding of polyubiquitin to Rpn10, as 19S structures in the basket-tethered and membranetethered classes show the same level of substrate processing as those in the free class (Fig. S5) . By mapping the different proteasome classes back into the cellular volumes (Fig. S6 and Movie S1), we were able to compare the assembly states, functional states, and binding states of cytoplasmic and nuclear proteasomes. We found that the ratios of singlecapped to double-capped and ground state to substrate-processing state were nearly identical between nuclear and cytoplasmic proteasomes (Fig. 2D) . Furthermore, the ratio of functional states remained relatively constant for all 19S particles, independent of assembly state or binding state (Fig. S5) . This level of functional activity was similar to the level previously reported for cytoplasmic proteasomes in rat neurons (i.e., 20% substrate-processing state) (23) and thus, may represent an evolutionarily conserved baseline for proteasome activity in unstressed cells. In contrast to the evenly distributed assembly and functional states, all of the basket-tethered and membrane-tethered binding states were localized to the nucleus, where they comprised 43% of the nuclear proteasome population (Fig. 2D) . Whereas the free binding state class was dispersed throughout the nucleoplasm, the basket-tethered and membranetethered proteasomes were exclusively found at the INM, close to NPCs (Fig. S7 A and C) . Intriguingly, the two distinct peaks of proteasome concentration that we had observed adjacent to the INM (Fig. 1F) were each composed of a different class of tethered proteasomes (Fig. S7A) . Thus, these two classes of tethered proteasomes, which were identified solely by image-based classification and not positional information, have distinct spatial distributions within the cell.
To explore the spatial relationships between tethered proteasomes and NPCs, we generated an in situ average of the NPCs in our tomograms (Fig. S8) , which we refined by individually aligning asymmetric substructures to compensate for the pore's flexibility, as previously described (31) . Plotting the positions of Rpn9, which marks the tether attachment site, for every baskettethered and membrane-tethered 19S particle relative to the NPC center and the INM showed that these binding state classes are two completely separate populations, with no positional overlap (Fig. 3A) . While the membrane-tethered class is anchored at the INM, the basket-tethered class is localized to a region that is occupied by the NPC nuclear basket, a flexible filamentous structure that extends ∼40-80 nm from the INM into the nucleoplasm (14, (32) (33) (34) .
We plotted the Rpn9 positions radially relative to the closest NPC asymmetric unit, and then symmetrized these heat maps according to the eightfold symmetry of the NPC for clearer visualization (Fig. 3B) . The basket-tethered positions overlaid the NPC with eight sharp peaks, suggesting that the basket serves as a scaffold with one binding site at each NPC asymmetric unit. In contrast, the membrane-tethered positions formed a welldelineated circle around the NPC periphery, with at least two peaks per NPC asymmetric unit. Thus, the membrane-tethered class may have more available binding sites at the NPC than the basket-tethered class. We hypothesize that the increased binding capacity for membrane-tethered proteasomes may be related to the multiple membrane protrusions that we observed in the focused subtomogram alignment of the tethering region ( Fig. 2F and  Fig. S4B) . Interestingly, the yeast INM protein Cut8 is proposed to dimerize and anchor two proteasomes to the INM through ubiquitin tethers (11) . Such a dimerized tethering protein could provide an increased number of binding sites for the membrane-tethered proteasomes at the NPC.
Both the regular spacing of basket-tethered proteasomes and the high occupancy of membrane-tethered proteasomes could be clearly observed at individual NPCs in our tomograms (Fig. 3C and Movie S2). The proteasomes of both classes aligned their long axes toward the NPC center (Fig. S7D) , with their tethered caps facing the NPC. Each class also had a specific inclination relative to the membrane (Fig. S7B) . Of the NPCs with >75% of their structures contained within the tomogram volumes, 40% were associated with basket-tethered proteasomes (with 3.3 ± 1.7 per NPC), 87% were associated with membrane-tethered proteasomes (with 4.5 ± 2.6 per NPC), 39% were associated with both, and only 12% were associated with neither.
The NPC basket is constructed from thin TPR filaments that are too flexible to be resolved in structural averages of the NPC (31, 35) . However, in some high-quality tomograms, we were able to visualize individual basket filaments projecting from the NPC into the nucleoplasm (Fig. 4 A-I ). These filaments were uniformly spaced around the NPC and connected the basket-tethered (26) into the EM density maps shows that both extra densities bind at Rpn9 (light green).
proteasomes to the NPC's nuclear ring. In search of additional structural evidence for the binding interaction between proteasomes and the NPC basket, we mapped the focused subtomogram alignment of the basket-tethered class (Fig. 2E and Fig.  S4A ) into the cellular volumes. Compellingly, the bifurcated extra densities tethered to these proteasomes aligned with each other to reconstitute the flexible round shape of the basket (Fig. 4 J and K) ; based on their collective shape and distance from the NPC, the extra densities are likely part of the basket's distal ring. Thus, we conclude that this class of proteasomes is tethered to the NPC basket. Using basket-tethered proteasomes as fiducial markers for the NPC basket, we were able to measure the flexibility of the native basket structure within the cellular environment (Fig. 4 J  and K) . The basket is subject to distortions in its elliptical shape (Fig. 4K, green ring) as well as translational shifts to its center position relative to the NPC (Fig. 4K, blue ring) .
Discussion
The two classes of NPC-localized proteasomes likely perform nonredundant functions. The basket-tethered class is optimally positioned to encounter soluble proteins transiting the NPC's central channel. Similarly, the membrane-tethered proteasomes are in an ideal location to encounter membrane proteins traveling through the NPC's peripheral channels. Therefore, one plausible function for both classes is the surveillance of NPC traffic (Fig. 5) . The INM is continuous with the outer nuclear membrane (ONM) and endoplasmic reticulum (ER), and membrane proteins with sufficiently small extraluminal domains can freely diffuse across the NPC (36) . Thus, the INM requires a quality control mechanism to maintain its distinct identity. In S. cerevisiae, the Asi E3 ubiquitin ligase mediates a specialized branch of ER-associated degradation (ERAD), destroying mislocalized membrane proteins that reach the INM (37, 38) . The membrane-tethered proteasomes may participate in this specialized ERAD, encircling the NPCs to form an INM quality control checkpoint.
The high proteasome concentration at NPCs might additionally enable this region to function as a degradation center where unneeded proteins are sent for recycling (Fig. 5) . Existing nuclear import and export signals could be coopted to target substrates to the NPC-tethered proteasomes. While the targeting of nuclear proteins seems more practical as it does not require passage through the NPC, numerous proteins have also been shown to undergo nuclear import for degradation (1, 39, 40) . The NPC-tethered proteasomes may also degrade kinetochore components, as the localization of proteasomes to the nuclear envelope is required for maintaining correct kinetochore stoichiometry in S. pombe (13) . In addition, some regions of transcriptionally active chromatin physically interact with the NPC's nuclear basket (14, 41) , so basket-tethered proteasomes are well positioned to modulate gene expression by degrading transcription factors (2, 42) and perhaps by regulating chromatin remodeling (43) . Lastly, the NPC may serve as a staging site for proteasome export to the cytoplasm during stress conditions or quiescence (3, 44) .
It remains an open question how the proteasomes are recruited to NPCs. Proteasome structures with extra densities are only found close to NPCs (Figs. S6 and S7C) . Thus, the tethering proteins likely do not escort proteasomes to the NPC, but rather are resident at the NPC and bind proteasomes that come near, perhaps by capturing proteasomes completing nuclear import. Although there are two distinct tethering sites at NPCs (Fig. 3 A and B) , both baskettethered and membrane-tethered proteasomes are bound at their Rpn9 subunit (Fig. 2 E and F) . Therefore, either one protein mediates proteasome tethering to two different NPC sites or there are two different tethering proteins that can both bind Rpn9.
Our observations in algae raise questions about the evolutionary conservation of NPC-tethered proteasomes. While yeast may indeed employ a similar mechanism, the proteins likely differ; Cut8/Sts1 (10-12), Esc1 (14) , and the Asi complex (37, 38) have no obvious homologs in Chlamydomonas. Cut8 is believed to bind the Rpn11 proteasome subunit (45), whereas we resolve binding of the tethering densities at Rpn9 (Fig. 2 E and F and  Fig. S4 ). Immunoprecipitation experiments indicate that Esc1 only transiently interacts with the NPC basket but strongly interacts with proteasomes, suggesting that Esc1 may also be bound to free proteasomes (14) . In contrast, the high occupancy of proteasomes that we observed at specific NPC sites implies a less transient tethering interaction, and no extra density was found attached to free proteasomes (Fig. 2C) . Although in situ identification of macromolecules is more difficult in yeast due to a crowded cellular environment, it will be interesting to examine how the localization of Cut8-and Esc1-bound proteasomes compare with the NPC-tethered proteasomes that we characterized in this study. As for Chlamydomonas, the next important step will be to identify the tethering proteins bound to Rpn9 using the wealth of genetic and molecular tools available in this model organism (46) .
The conservation of NPC-tethered proteasomes in metazoans is even less clear. While a Cut8-like protein has been shown to recruit proteasomes to the nuclear envelope of Drosophila S2 cells (10), there do not appear to be abundant proteasomes at the nuclear envelope or NPCs of HeLa cells (47) . Unlike metazoans, Chlamydomonas and yeast both undergo a closed mitosis (48) . Without mitotic breakdown of the nuclear envelope, their only opportunity to target proteins to the INM is through the NPC (36) . A closed mitosis would also favor nuclear accumulation of undesirable soluble proteins over multiple generations. Thus, surveillance of NPC traffic and quality control of the INM may be Fig. 4 . Proteasomes tether to the NPC nuclear basket. (A-H) Sequential slices through a tomographic volume of an NPC (from Fig. 1A, rotated  180° ). Thin filaments (red arrows) extend from the NPC into the nucleoplasm. Some filaments are straight, while others are slightly curved. The filament in E appears to be buckled. Attachment of the filaments to basket-tethered proteasomes is visible in slices B, D, and F. In C and G, the attached proteasome is out of the plane of the slice. (Scale bar: 50 nm.) (I) Segmentation of the filaments (red) from A-H shows that they connect the basket-tethered proteasomes (yellow) to the NPC (purple). Perspective view from the nucleus. (J) NPCs (white) mapped into tomograms along with hybrid structures of basket-tethered proteasomes (yellow) fused with the focused alignment of this class's extra density (green and blue). The extra densities align in a round shape. Orthographic views from the nucleus. (K) For both examples in J, the positions of tethered Rpn9 (X) were fit with an ellipse, reconstituting the shape of the flexible NPC basket. Asterisks indicate ellipse geometrical centers. Fig. 5 . Proposed quality control functions for proteasomes at the NPC. Basket-tethered and membrane-tethered proteasomes may perform surveillance of transiting soluble and membrane proteins, respectively (blue). The abundant NPC-tethered proteasomes could also serve as a degradation center where nuclear and cytoplasmic proteins are sent for destruction (pink). This degradation center may also function in transcriptional control.
more important for cells that cannot refresh the contents of their nuclei during cell division. Following this logic, it will be interesting to observe the distribution of nuclear proteasomes in terminally differentiated mammalian cells.
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